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This  paper  describes  the  method  to  control  a  hybrid  robot  whose  main  task  is 
to  climb  a  pole  to  place  an  object  on  the  top  of  the  pole.  The  hybrid  pole¬ 
climbing  robot  considered  in  this  paper  uses  2  Planetary  PG36  DC -motors  as 
actuators  and  an  external  rotary  encoder  sensor  to  provide  a  feedback  on  the 
change  in  robot  orientation  during  the  climbing  movement.  The  orientation 
control  of  the  pole-climbing  robot  using  self-tuning  method  has  been  realized 
by  identifying  the  transfer  function  of  the  actuator  system  under 
consideration,  being  followed  with  the  calculation  of  control  parameters 
using  the  self-tuning  pole-placement  method,  and  furthermore  being 
implemented  on  the  external  rotary  encoder  sensor.  Self-tuning  pole- 
placement  method  has  been  explored  to  control  the  parameters  qo,  qi,  q2,  and 
pi  of  the  controller.  The  experiments  were  done  on  a  movement  path  in  a 
form  of  a  cylindrical  pole.  The  first  experiment  was  done  based  one  the 
change  in  rotation  angle  of  the  rotary  sensor  with  the  angle  values  greater 
than  50°  in  the  positive  direction,  whereas  the  second  experiment  was  done 
with  the  angle  values  greater  than  -50°  in  the  negative  direction.  The 
experiment  results  show  that  the  control  of  the  robot  under  consideration 
could  maintain  its  original  position  at  the  time  of  angle  change  disturbance 
and  that  the  robot  could  climb  in  a  straight  direction  within  the  specified 
tolerance  of  orientation  angle  change. 
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1.  INTRODUCTION 

Robots  can  replace  human  beings  in  accomplishing  many  complex  or  even  dangerous  tasks. The 
application  of  pole  climbing  robot  for  wiring  and  repairing  distribution  lines  [1-3],  climbing  trees  [4-6],  in 
industries  [7-9],  are  some  examples.  It  reduces  the  risk  for  human  beings,  and  offers  higher  working  speed 
and  efficiency.  Some  pole  robot  utilizes  linear  motor  [2],  servo  motors  [5],  DC  motor  [8],  or  even  without 
motors  [1],  which  can  be  operated  and  controlled  remotely  [1,2].  Various  algorithms  have  also  been 
implemented  accordingly  to  control  the  climbing  process,  for  example  a  sliding  mode  control  being 
combined  with  a  linear  quadratic  regulator  and  dead  reckoning  [7],  or  even  just  a  simple  P  control  [8]. 

This  paper  describes  the  design  and  realization  of  a  control  system  in  a  hybrid  robot  being  capable 
of  climbing  a  pole  to  place  an  object  on  the  top  of  the  pole.  When  the  robot  moves  upward,  the  robot  must 
maintain  its  orientation.  This  is  a  challenging  work,  because  the  robots  often  experience  slippage  due  to  the 
force  of  gravity  and  the  weight  of  the  robot.  The  hybrid  pole-climbing  robot  uses  only  2  Planetary  PG36  DC- 
motors  as  actuators  based  on  the  feedback  given  by  an  external  rotary  encoder  sensor.  The  self -tuning  pole- 
placement  control  method  has  been  applied.  The  aim  was  to  create  a  pole-climbing  robot  being  capable  of 
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adjusting  its  position  and  orientation  by  itself  using  only  2  actuators  with  good  response  and  tolerance -error 
of  the  robot  orientation  as  small  as  possible. 

The  choice  of  planetary  DC  motor  as  actuator  was  due  to  its  ability  to  adjust  the  rotation  orientation 
angle  of  the  steering  robot  which  possesses  high  torque  and  rotation  speed  response  [8].  Pole -placement 
controller  was  chosen  as  it  is  widely  known  to  have  fast  response  [10-15].  The  change  in  the  orientation 
angle  of  the  robot  can  be  adjusted  automatically  by  the  planetary  DC  motor  based  on  the  feedback  of  the 
rotary  encoder  sensor.  The  motor  itself  already  contains  a  rotary  encoder  so  that  its  rotation  speed  precision 
can  be  controlled.  The  use  of  an  external  rotary  encoder  sensor  was  to  facilitate  the  reading  of  robot  rotation 
orientation  change  [16-18]. 

The  Extended  Least  Square  method  using  the  Auto  Regressive  with  Exogenous  structure  was 
adopted  to  determine  the  estimation  parameters  of  the  control  design  based  on  the  transient  response 
characteristics  of  the  plant  under  consideration  [19-23].  The  implementation  of  the  pole -placement  controller 
will  give  a  good  result  if  the  proper  tuning  can  be  performed,  to  realize  a  self-tuning  control  method  [10-15]. 


2.  ORIENTATION  CONTROL  OF  POLE-CLIMBING  ROBOT 

A  pole-climbing  robot  should  maintain  its  orientation  while  moving  upward  or  downward,  despite 
of  gravitational  and  frictional  forces.  Top  perspective  of  a  pole-climbing  robot  used  in  this  study  is  shown  in 
Figure  1.  The  robot  is  equipped  with  2  Planetary  PG36  DC-motors  as  actuators  and  an  external  rotary 
encoder  sensor  to  provide  a  feedback  on  the  change  in  robot  orientation  during  the  climbing  movement.  This 
paper  proposed  self  tuning  of  pole-placement  controller  to  control  orientation  of  pole-climbing  robot.  The 
control  system  consists  of  online  identification  of  process  parameters  and  pole -placement  algorithm.  An 
offline  system  identification  is  performed  first,  to  provide  initial  values  and  to  speed  up  the  online 
identification  of  process  parameters.  Such  offline  system  identification  is  performed  using  Matlab  software. 
The  rest  of  the  work,  including  microcontroller  (i.e  Arduino  Mega  2560)  programming  is  performed  using 
C-F-F. 


Figure  1 .  A  pole-climbing  robot 


2.1.  Design  of  the  control  system 

The  purpose  of  this  research  was  to  design  and  realize  a  control  system  of  a  hybrid  pole -climbing 
robot.  The  block  diagram  of  the  system  is  given  in  Figure  2. 
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Figure  2.  The  block  diagram  of  the  control  system 


As  seen  in  Figure  2,  the  specified  setpoint  is  the  desired  angle  position  in  order  that  the  robot 
movement  will  be  straightly  directed  to  the  target  without  involving  any  rotating  movement.  It  means  that  the 
rotation  angle  is  0°.  This  movement  involves  the  pole-placement  controller,  the  Planetary  PG36  DC  motor  as 
actuator,  and  the  orientation  of  the  robot  as  the  plant  to  be  controlled. 

As  a  disturbance  is  defined  as  a  signal  which  tends  to  influence  the  output  of  the  system  negatively, 
it  is  the  change  in  the  orientation  of  the  angle  which  becomes  the  disturbance.  If  the  disturbance  is  generated 
inside  the  system,  it  is  called  as  the  internal  disturbance.  The  external  disturbance  is  generated  outside  the 
system  and  can  be  considered  as  an  input.  The  sensor  to  be  used  is  a  mechanical  sensor,  i.e.  the  external 
rotary  encoder  sensor,  to  detect  the  change  in  the  robot  rotation  orientation  during  the  pole  climbing. 

The  hardware  system  of  the  robot  is  given  in  Figure  3.  As  shown,  it  describes  the  working  principle 
as  well  as  required  components  in  the  system  since  the  power  supplying  up  to  the  serial  data  sending  to  a 
laptop/computer. 


(a) 


(b) 


Figure  3.  The  hardware  system  of  the  pole-climbing  robot,  a)  schema,  b)  working  principle 
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The  operation  of  the  control  system  is  done  through  a  sequence  of  instructions  as  described  in  a 
form  of  flowchart  of  Figure  4. 


Figure  4.  The  flowchart  of  the  control  operation  of  the  system 


2.2.  Determination  of  the  transfer  function  of  planetary  PG36  DC  motors  system 

The  pole-climbing  hybrid  robot  considered  in  this  paper  uses  the  Planetary  PG36  DC  motor  as  it 
works  well  and  optimally  at  the  voltage  of  24V.  It  is  used  to  climb  the  pole  as  it  also  has  sufficiently  large 
torque  at  24V,  i.e.  20kg/cm.  The  considered  maximum  duty-cycle  of  the  DC  motor  is  80%  because  the  motor 
is  capable  to  work  optimally  at  the  speed  of  pole  climbing  process.  The  mechanical  sensor  chosen  is  the 
external  rotary  encoder  sensor  E40H8  from  Antonies  due  to  its  good  repution  during  the  data  reading.  The 
desired  error  angle  is  0°,  with  the  maximum  tolerance  angle  during  the  experiment  is  10°. 

The  transfer  function  determination  of  the  planetary  PC36  DC  motors  has  been  done  by  modeling  it 
through  the  generation  of  Pseudo  Random  Binary  Sequence  (PRBS)  signals.  The  linear  values  on  the  high- 
pulse  (Ton)  of  the  PC36  motor  were  to  be  found  out  to  specify  the  upper  and  lower  limits  of  the  linear  values. 
The  generated  PRBS  signals  with  the  PWM  limit  of  140-200  and  the  related  data  were  then  used  as  the  input 
and  output  of  the  identification  system  [24-25].  The  identification  system  resulted  in  the  transfer  functions  of 
Motor  1  and  Motor  2.  The  output  characteristics  of  both  motors  have  been  obtained  by  implementing  a  unit 
step  function  input,  and  comparing  the  rise  time  and  the  settling  time  on  both  motors. 

2.3.  Determination  of  the  process  parameters 

The  initial  values  of  the  estimation  parameters  have  been  determined  using  the  digital  control 
equation  based  on  the  Auto  Regressive  with  Exogenous  (ARX)  model,  as  given  in  Equation  1-3  [26-28]. 

A(q)y(k)  =  B(q)u(k  -  nk)  +  e(k)  (1) 

with 

A(q)  =  1  +  ai  q“^  +  a2q“^  ...  +  a„aq“"^  (2) 

B(q)  =  bi  q“^  +  b2q“^  ...  +  b„bq“"'’  (3) 

where 

y(k)  is  the  input 
u(k)  is  the  output 
e(k)  is  the  disturbance 
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In  order  to  control  the  robot  orientation  and  good  performance,  it  is  necessary  to  find  out  the  transfer 
function  of  both  the  motor  actuator  systems,  as  a  function  of  the  related  parameters  ai,  a2,  bi,  and  b2.  The 
resulted  parameters  are  going  to  be  used  in  the  identification  process  to  find  out  the  control  parameter  values 
of  qo,  qi,  q2,  and  pi,  which  can  be  obtained  using  the  following  equations. 


(4) 

q.= 

(5) 

ri 

d4+Pi-a2 

^^2  “  b2 

(6) 

r6 

Pl  =- 

(7) 

The  calculated  parameters  are  then  converted  into  the  controller  equation  as  follows. 

u(k)  =  qoe(k)  +  q^eCk  -  1)  +  q2e(k  -  2)  +  (1  -  Pi)u(k  -  1)  +  PiU(k  -  2)  (8) 

Equation  8  has  been  used  to  control  the  plant  based  on  the  involved  parameters  values  obtained. 


3.  RESULTS  AND  ANALYSIS 

3.1.  Transfer  functions  of  the  actuator  system 

Some  model  estimations  using  some  data  variations  of  some  different  motors  resulted  in  the  transfer 
function  of  the  Planetary  PG36  DC  motors,  as  given  in  Eigure  5  for  Motor  1  and  Eigure  6  for  Motor  2. 


Measured  and  simulated  model  output 


Best  Fits 
anc221:  91.47 


Eigure  5.  Estimation  results  for  motor  1 


Eigure  6.  Estimation  results  for  motor  2 


The  output  characteristics  of  both  motors  being  obtained  by  implementing  a  unit  step  function  input, 
and  comparing  the  rise  time  and  the  settling  time  on  both  motors,  are  shown  in  Eigure  7  and  Eigure  8. 


Time  (seconds) 


Time  (seconds) 


LTl  Viewer 


LTI  Viewer 


Eigure  7.  The  rise-time  output  value  of  the  planetary 
PG36  motor 


Eigure  8.  The  settling-time  output  value  of  the 
planetary  PG36  motor 
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As  seen  in  Figure  7  and  Figure  8,  the  difference  in  the  rise-time  value  of  both  motors  is  0.0004 
second,  whereas  the  difference  in  the  settling-time  value  is  0.003  second.  It  confirms  that  the  output 
characteristics  of  both  motors  are  relatively  similar. 

In  order  to  obtain  the  transfer  function  of  the  motors,  the  parameters  ai,  a2,  bi,  and  b2  of  the  ARX 
model  for  each  motor  have  been  found  out.  The  values  for  Motor  1  were  al =-0.105,  a2  =0.161,  bl =-0.03 12, 
and  b2=0.0888,  whereas  for  Motor  2  were  ai=-0.108,  a2  =0.1588,  bi=-0.038861,  and  b2=0.0888. 

The  ARX  model  parameters  were  then  used  in  the  identification  process  of  both  the  PG36  DC  motor 
actuator  systems,  to  result  in  the  transfer  function  as  given  in  Equation  1 1  for  Motor  1  with  best -fit  value  of 
91.7  and  Equation  12  for  Motor  2  with  best-fit  value  of  91.47,  respectively. 


Gp(z)  = 


A(Z-l) 


0,161Z“^+0.0888Z“2 

1-0,105Z-1-0,03120Z-2 


(9) 


Gp(z)  = 


B(Z-^) 

A(Z-i) 


0,1588Z“^  +  0.0888Z“2 
1-0,108Z“1-0,038861Z“2 


(10) 


3.2.  Calculation  results  of  control  parameters 

The  calculation  results  of  control  parameters  are  given  in  Table  1,  whereas  the  graphical  responses 
of  the  Planetary  PG36  DC  motors.  Motor  1  and  Motor  2,  are  given  in  Figure  9. 


Table  1.  The  control  parameters  of  the  Planetary  PG36  DC  motors 


Motor 

qo 

q\ 

qi 

P\ 

Motor  1 

2.672993 

-0.0341019 

-0.029879 

-0.756215 

Motor  2 

2.651523 

-0.335160 

-0.018549 

-0.751193 

As  seen,  it  gives  the  parameter  values  of  qo=2. 672993,  qi=-0.0341019,  q2=-0.029879,  and  pi=- 
0.756215  for  the  first  DC  motor,  and  qo=2. 651523,  qi=-0.335160,  q2=-0.018549,  and  pi=-0.751193  for  the 
second  DC  motor. 


Figure  9.  The  graphical  responses  of  Planetary  PG36  DC  motors 


As  shown  in  Figure  9,  the  response  of  the  transfer  function  being  obtained  from  the  identification 
process  of  both  motors  indicates  almost  similar  characteristics.  An  offset  condition  is  still  existing  using  the 
setpoint  of  200  rpm.  The  best  control  parameter  values  obtained  is  qo=2. 72993,  qi=-0. 0341019,  q2=- 
0.029879,  andpi=-0.756215. 
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3.3.  The  whole  system  testing  results 

The  whole  system  testing  has  been  done  by  observing  the  motor  response  when  being  exposed  to 
setpoint  changing  from  100,  225,  and  325  continuously. 

The  testing  has  also  been  done  by  changing  the  rotation  angle  of  the  rotary  sensor  using  the  angle 
greater  than  >35°  in  the  positive  direction,  and  using  the  angle  greater  than  >-35°  in  the  negative  direction 
alternately.  The  motor  response  with  respect  to  the  setpoint  changing  is  given  in  Figure  10. 


Figure  10.  The  motor  response  to  the  change  in  the  setpoint  value 


Figure  1 1  displays  the  response  of  both  motors  at  the  setpoint  of  225  rpm 


Figure  10  indicates  the  response  of  both  motors  to  the  speed  changing  using  the  setpoint  values  of 
100,  225,  and  325  rpm.  At  the  setpoint  of  100  rpm,  the  settling  time  is  0.2  second  with  the  steady-state  error 
of  2.2%.  At  the  setpoint  of  225  rpm,  the  settling  time  is  0.25  second  with  the  steady-state  error  of  2.8%, 
whereas  at  the  setpoint  of  325  rpm,  the  settling  time  is  0.35  second  with  the  steady-state  error  of  4.1%. 

Figure  1 1  indicates  the  condition  when  the  hybrid  climbing  robot  has  been  exposed  to  the  change  in 
orientation  angle  of  greater  than  >35°  in  the  positive  direction  and  greater  than  >-35°  in  the  negative  direction 
during  the  climbing  process. 

Figure  1 1  displays  the  response  of  both  motors  at  the  setpoint  of  225  rpm.  It  can  be  seen  that  the 
speed  responses  of  both  motors  are  different.  At  the  setpoint  of  225  rpm,  the  settling  time  is  0.15  second  with 
the  steady-state  error  of  2.8%  for  Motor  1,  whereas  for  Motor  2  the  settling  time  is  0.2  second  with  the 
steady-state  error  of  2.9%. 

By  comparing  Figure  10  and  Figure  11  it  can  be  concluded  that  during  the  climbing  process  at  the 
setpoint  of  225  rpm  the  robot  experiences  the  change  in  the  orientation  angle,  although  it  is  not  too  large  and 
still  within  the  angle  tolerance  of  -10°  to  10°.  With  the  average  speed  of  both  motors  of  218  rpm,  the  motor 
responses  were  different  from  the  setpoint  condition  when  a  shifting  of  robot  orientation  angle  has  been  done 
with  an  angle  greater  than  35°.  The  difference  in  Motor  1  was  due  to  the  change  in  the  direction  angle  greater 
than  -35°  in  the  negative  direction.  Motor  1  tends  to  maintain  its  speed  at  the  setpoint  value,  whereas  Motor  2 
tends  to  increase  its  speed  up  to  304  rpm  until  the  robot  orientation  angle  goes  back  to  its  initial  position  with 
orientation  angle  tolerance  of  -10°  to  10°.  This  condition  confirms  the  results  that  the  robot  was  capable  of 
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maintaining  its  initial  position  during  the  occurrence  of  disturbance  in  a  form  of  the  change  in  rotation  angle, 
and  that  the  robot  was  capable  of  climbing  straightly. 


4.  CONCLUSION 

The  orientation  control  of  pole-climbing  robot  using  self-tuning  method  has  been  realized  by 
identifying  the  transfer  function  of  the  actuator  system  under  consideration,  being  followed  with  the 
calculation  of  the  control  parameters  using  the  self-tuning  pole-placement  method,  and  furthermore  being 
implemented  on  microcontroller  Arduino  Mega  2560. 

Based  on  the  implementation  results,  it  can  be  concluded  that  the  control  of  the  robot  under 
consideration  could  maintain  its  original  position  at  the  time  of  angle  change  disturbance  and  that  the  robot 
could  climb  in  straight  direction  within  the  specified  tolerance  of  orientation  angle  change. 

The  use  of  more  position  orientation  sensors  may  result  in  higher  precision  and  smoothness  of  robot 
movement  change.  The  use  of  DC  motor  with  more  variations  of  speed  may  produce  higher  speed  response. 
The  use  of  other  types  of  controllers  may  increase  the  robot  performance. 
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